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ROTATIONAL  ENERGY  TRANSFER  IN  HIGHLY  VIBRATIONALLY  EXCITED 

HYDROGEN  FLUORIDE  AND  DEUTERIUM  FLUORIDE 

(Contract  No.  N000 1 4 -79-C-04 1 5 ) 

,  rincipal  Investigator:  F.  Fleming  Crim,  University  of  Wisconsin) 
Scientific  Problem 

Molecular  energy  transfer  is  a  fundamentally  and  practically 
important  process  that  has  received  and  continues  to  merit  substantial 
experimental  and  theoretical  study.  One  of  the  most  important  practical 
manifestations  of  the  importance  of  collisional  energy  transfer  is  in 
.nemical  lasers,  where  the  details  of  the  energy  redistribution  pathways 
control  the  performance  of  the  device  and  where  mathematical  models 
require  a  substantial  amount  of  dynamical  and  kinetic  information.  Such 
models  are  central  to  understanding  and  improving  the  performance  of 
t.h‘jse  lasers.  On  a  more  fundamental  level  molecular  energy  transfer 
experiments  are  important  as  sources  of  data  for  comparison  with 
theoretical  descriptions  of  inelastic  scattering.  In  particular, 
detailed  data  on  rotational  and  vibrational  energy  redistribution  in 
collisions  are  the  means  of  testing  classical  and  quantum  mechanical 
calculations  that  predict  the  variation  of  rates  and  pathways  with 
excitation  level  or  quantum  number.  Despite  the  rather  extensive  body 
of  data  on  vibrational  energy  transfer  that  now  exists  on  molecules  in 
iuw  vibrational  levels,  the  theoretical  descriptions  remain  incomplete, 
particularly  for  molecules  in  which  long  range  forces  play  a  significant 
role. 

Experimental  studies  of  molecular  energy  transfer  in  hydrogen  and 
deuterium  fluoride  provide  the  data  for  practical  models  of  chemical 
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;  i.uiV  and  t  r  comparison  to  theoretical  descriptions .  Our  approach  is 
r  ,  excl  tat. ion  of  overtone  vibrations  to  prepare  molecules  in 

i  -v  .  1 1  rotational  states  of  highly  vibrational  ly  excited  hydrogen 

.  .  .  role  or  deuterium  fluoride  and  to  use  laser  double  resonance  to 
the  populations  of  individual  quantum  states  during  the 

..ur.eoaent  collisional  relaxation.  These  experiments  measure  individual 
r  '•  „  ‘.nation  rate  constants  and  provide  the  means  of  unravelling  the 
do  la i led  vibrational  and  rotational  relaxation  pathways. 

Recent  Progress 

Our  Office  of  Naval  Research  funded  activities  have  been  in  three 
broad  areas  during  the  last  two  years:  rotational  relaxation, 
vibrational  relaxation,  and  hardware  development.  In  these  experiments, 
<  6  ns  pulse  of  light  from  a  Nd:YAG/dye  laser  or  the  near-infrared 
pulse  generated  by  stimulated  Raman  scattering  of  the  dye  laser  light 
excites  an  overt one  vibration  of  hydrogen  fluoride,  and  continuous 
infrared  radiation  from  a  HF  chemical  laser  probes  the  populations  of 
individual  vibrational-rotational  states  of  the  excited  molecule  or  its 
collision  partner.  A  transient  digitizer  captures  the  time-evolution  oi 
the  amplification  or  absorption  of  the  probe  laser  radiation  as  it 
passes  through  a  cell  collinearly  with  the  excitation  beam,  and 
extensive  averaging  of  the  signal  yields  reliable  population  and  rate 
information  with  a  time-resolution  of  about  20  ns.  The  following 
sections  discuss  the  recent  experimental  results  and  hardware 
development  work  separately. 


3 


■  •  .  ...  i  :  .  ■  i. i.v :  v » 

.  .  .  r  i  :n  x  ry  goal..  .in  studying  the  vibrat  icna  I  relaxation  of 

. .  »'  1  .  .  »_•:  hydrogen  fluoride  has  been  to  unravel  the 

!••*♦  li  :  tne  X.-  i.uonal  energy  transfer  pathways.  In  particular,  we 

i.->  :  li.  re  *  itive  importance  of  vibrat  j  on- to- vi brat  ion  (  V- 

.  ;  •  •  "  m:-  i.nt  ion,  rotation  (V-T,R)  energy  transfer  for 

u  ...  ■  -  .  i.  levels  of  hydrogen  fluoride.  The  former  shuttles 

■  i  ■  .  y  ;  I'c.jn  the  initially  excited  molecule  .into  the 

coi  i  is  i  on  partner, 
fir  i  v  i  4  Hr  (  0  )  -  HF ( v- 1 )  +  HF ( 1 ) , 

■  :  .  .  ■*  .  t  t  or  .  >•  ive-i  the  collision  partner  in  the  same  vibrational 

•  •  n.’p  uJi  t energy  in  translations  and  rotations  of  the  two 

Hi:’',  *  HF(O)  -4  HF(v-l)  +  HF  (  0 )  . 

••  4 !  i  r :::  ir  ;  ci  f  y  ,,i  nydrogen  fluoride  makes  the  first  process 

•  ;  .:  while  tne  second  is  exothermic.  The  V-V  energy  transfer 
m-  <  .  c  .••'using  endothermic  as  the  vibrational  level  increases,  but 

•  T .  t>  transfer  becomes  less  exothermic  at  higher  vibrational  levels, 
d  e  resonance  techingue  allows  us  to  monitor  the  collision 

.  i:  ’  :.»■  r  :n  order  to  distinguish  the  two  pathways. 

'rovio ,is  work  using  the  time-evolution  of  the  transient 
t  ;u  .  .  ['  i'.u!  i')!i  and  absorption  of  light  from  the  probe  laser,  operating 
w“*m,  '  n*»  V-V  md  v- 1  vibrational  levels  of  HF,  following  pulsed 
;*ati  >r,  of  HF  i  v  - 2  )  shows  that  about  60%  of  the  relaxation  occurs  by 
' n-  V  V  eneivjy  transfer  route.  We  have  now  begun  exploring  the  relative 
•  m:  ■  rtdii..f  of  these  two  pathways  in  higher  vibrational  levels  by  probing 
?  he  pops i at i on  »n  v- 1  subsequent  to  excitation  of  HF(v>2)  .  The  key  to 
M  x  *  :  u  ■  ’  :r,o  the  reiat  ivp  contributions  of  the  V-T,R  and  V-V  pathways  from 
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cae.-si*  measurements  is  a  knowledge  of  the  relaxation  kinetics  in  the 
n.-wor  v  i  n  ru  f  i  ana  i  levels.  Thus,  we  use  the  rate  constants  and  branching 
ratios  that  we  have  determined  for  v=2  in  analyzing  the  data  for  v=3  and 
then  use  these  results  in  analyzing  higher  levels.  Our  measurements  on 
i  ui.d  Hf  i  v=4 )  show  that  the  fractions  of  the  relaxation  proceeding 

: V  •/  energy  transfer  are  about  0.45  and  0.1,  respectively.  The  trend 
.  a  ..ie.  e-.rn.ig  fraction  of  V-V  energy  transfer  with  increasing 
vuv.ji.  uj.i.1  level  is  consistent  with  the  growing  endothermic  energy 
:  a  ‘-or  at  nigher  vibrational  levels.  As  the  V-V  process  becomes 
successively  more  endothermic,  it  plays  a  smaller  role  in  the  overall 
r e I ax at  Lon  ki ne tics . 

The  temperature  dependence  of  the  collisional  energy  transfer 
rates  and  tne  branching  between  the  two  relaxation  routes  is  a  means  of 
discovering  tne  factors  that  determine  the  relative  importance  of  V-T.R 
and  V-V  energy  transfer.  Our  recent  study  of  the  temperature  dependence 
of  the  vibrational  relaxation  rate  constant  for  HF(v=2)  (J.  M.  Robinson, 

n.  J .  Pearson,  R.  A.  Copeland,  and  F.  F.  Crim,  J.  Chem.  Phys .  82,  780 
,1085);  shows  that  the  rate  constant  for  v=2  decreases  more  slowly  with 
temperature  than  that  for  v=l,  where  V-T,R  energy  transfer  is  the  only 
observable  process,  and  than  those  for  v=3,4,  and  5,  where  the  V-V 
pathway  is  observable  but  has  a  large  endothermic  energy  defect. 

Detailed  analysis  of  our  data  for  v=2  shows  that  the  weaker  dependence 
■r  the  relaxation  rate  on  temperature  arises  from  the  prominence  of  V-V 
proceses s  m  the  relaxation  of  that  level.  We  infer  that  the  efficiency 
-if  V-V  energy  transfer  changes  more  slowly  with  temperature  than  does 
the  efficiency  of  V-T,R  energy  transfer  as  Figure  1,  which  displays  the 
temperature  dependence  of  the  two  process  extracted  from  our  analysis, 
illustrates.  The  origin  of  the  weaker 
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Figure  1 

variation  of  the  V  V  energy  transfer  rate  constant  with  temperature  is 
the  competition  between  the  decreasing  collision  duration  and  the 
increasing  availability  of  thermal  rotational  energy.  At  higher 
temperatures,  the  shorter  collisions  provide  less  opportunity  for  long 
range  forces  to  bring  the  molecules  into  close  contact  for  efficient 
energy  transfer,  but  the  larger  average  rotational  energy  leads  to  more 
collisions  in  which  the  internal  energy  of  the  collision  partner  makes 
up  the  energy  defect  for  V-V  transfer.  The  competition  between  these 
two  effects  is  not  so  important  for  the  higher  vibrational  levels  where 
V-V  energy  transfer  contributes  less. 

Collision  partners  other  than  HF  are  important  in  chemical  lasers, 
and  previously  we  have  used  near- i nf rared  laser  induced  fluorescence  to 
study  the  relaxation  of  HF(v=3,4,  and  5)  by  H2  ,  D2  ,  CH^  ,  CD^  ,  and  CC>2  .  We 


6 


have  now  applied  our  laser  double  resonance  technique  to  investigate  a 
potentially  very  important  partner,  the  hydgrogen  fluoride  dimer  (K.  J. 
Rensoerger,  J.  M.  Robinson,  R.  A.  Copeland,  and  F.  F.  Crim,  J.  Chem . 
Rays,  (to  be  published)).  At  pressures  of  50  Torr,  tlF  dimers  constitute 
only  one  to  two  percent  of  the  molecules  but  are  significant  energy 
transfer  partners  if  they  rapidly  relax  the  vlbrat ional ly  excited 
m  jr.. niter .  The  decay  constants  for  HF(v=l)  extracted  from  our 
measurement  s  over  the  range  of  10  to  50  Torr  show  curvature  that 
r»*r  lects  .he  presence  of  the  dimer.  The  observed  decay  constant  is 

T_1  =  kMPM  +  knpn  =  kMP  +  knKp2 

MM  D  D  M  D 


where  kM  and  are  the  monomer  and  dimer  bimolecular  energy  transfer 
rate  constants,  respectively,  and  and  are  the  corresponding 

2 

pressures .  To  a  very  good  approximation,  the  dimer  pressure  is  KP 
where  K  is  the  equilibrium  constant  and  P  the  total  pressure.  The  data 
wn  in  Figure  2  illustrate  the  influence  of  the  dimer  on  the  pressure 


Pressure  (Torr) 


Figure  2 
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derendence  or  t he  observed  decay  constant.  The  curvature  in  the  lowest 
■ emperature  data  jriaes  from  efficient  relaxation  of  the  monomer  by  the 
Fitting  these  data  yields  the  product  of  the  equilibrium 
m::;-  .ud-  and  the  relaxation  rate  constant  of  the  dimer  by  the  monomer, 
dimer  is  an  extremely  efficient  collision  partner  that  removes  a 
i  •.  i  -  .  > ;  quantum  from  HF(  v=l )  in  only  about  five  collisions.  Our 
e  ■  j  :  :  ed  kinetic  analysis  shows  that  this  very  efficient  V-T.R 
re'  ix.it  ion  proceeds  by  a  pair  of  sequential  steps  in  which  nearly 
r-  sctia n*  V  V  energy  transfer  from  HF(v=l)  excites  the  dimer  and  it 
.acidly  forms  two  ground  vibrational  state  monomers  by  vibrational 
;  r  ed issue iat ion . 


:  'tational  Relaxation 

Our  laser  double  resonance  studies  of  rotational  energy  transfer 
i  !••••*  designed  to  determined  the  thermally  averaged  rate  constants  for 
ndixat ion  of  individual  quantum  states  and  to  assess  the  utility  of 
various  empirical  and  theoretically  based  scaling  relations  in 
prf  drung  larye  numbers  of  unmeasured  rate  constants  from  a  few  known 
values.  These  rate  constants  and  the  scaling  relations  among  them  have 
obvious  utility  in  modelling  systems,  such  as  chemical  lasers,  where 
tout  ...mal  state  populations  are  controlled  by  collisional  energy 
transfer.  Our  extensive  experimental  studies  are  described  in  two 
papers  (R.  A.  Copeland  and  F.  F.  Crim,  J.  Chem.  Phys .  78,  5551  (1983) 
and  J.  Chem.  Phys.  81,  5819  (1984))  that  present  the  results  and  apply 
various  scaling  relations  to  the  analysis  of  the  laser  double  resonance 
data.  The  two  categories  of  scaling  relations  that  we  use  are  those 
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:  ,i.;e  :  .n  :  r.e  energy  defect  for  the  rotational  energy  transfer  process , 

:  r  ;  ;  v  th->  exponent  in  i  energy  gap  and  the  power  law  models,  and  those 

t  ■  .j-,.  t.ae  “iiei'-iy  '  erected  sudden  (ECS)  approximation.  Both  of  the 

*y  b,i:ed  scaling  relations  adequately  fit  our  data,  which  span  the 
■  „.itt:  1 1 :  ..  approximately  six  excitation  and  six  independent  probe 
•  1  ,  ,  but  do  show  significant  differences  in  their  predictions  for  the 

r/ lor  hi  gher  levels  that  are  not  part  of  the  data  set .  The  most 
.-ess I  *1  :  scheme  for  reproducing  our  measurements  is  the  ECS 
tpprox;iiuition  model.  This  model,  which  includes  angular  momentum 
\.-n  it.  ra  irits  that  are  absent  in  those  based  solely  on  energy,  gives  a 
much  better  fit.  to  the  data  for  J=0  to  6  than  the  other  scaling  laws. 

[t  is  also  the  most  successful  in  predicting  the  results  for  very  high 
r  'bat; jual  levels.  The  ability  to  extrapolate  these  ECS  approximation 
.  .used  scaling  laws  beyond  the  region  over  which  the  parameters  were  fit 
, quite  promising  for  models  of  complex  systems. 

Hardware  Deve lopment 

The  goal  of  studying  vibrational  and  rotational  relaxation  in 
deuterium  fluoride  using  the  measurement  and  data  analysis  techniques 
that  wo  have  developed  for  hydrogen  fluoride  depends  crucially  on 
erverai  experimental  advances  in  our  laboratory.  The  two  most  important 
of  these  are  s tab! 1 izat ion  of  our  continuous  chemical  probe  laser,  to 
;  erm  i  t  cure  ►■extensive  signal  averaging,  and  conversion  of  our  laser  to 
; orate  or.  molecular  deuterium.  During  the  last  funding  period  we  have 
hi  ■  ompl is. ie  i  these  goals  and  assembled  an  In:Sb  detector  suitable  foi 
use  in  the  wavelength  range  of  deuterium  fluoride  transitions.  We  have 
a i  :u  acqu  i  red  experience  wi  h  longer  wavelength  red  dyes  and  begun 
producing  several  mil li joules  of  energy  in  the  region  of  1.8  u  by 


. . .  -  i.i  •  •  :  *:-i  :  pc  .  j  ti'yiitai  Co  alter  the 

. . ; 1  .  . :  ‘  t  ‘  i  j  ait  a  .  1 1  j  one  axes  i  i  i  a  t.  to  pu  r«i  1  ]  G  1  to 

.  ..  .  i.t  ;  a  ;  *  .■  1  a  r  i  :m  t  i  on  analyzer.  Ar.  error  signal 

i  i.-  ;  t  iriu'j  the  laser  intensity  controls  the 

•  ••  •• a  l  ,  and ,  hence .  the  deg  ret?  of  eilipticity  of  the 

V: .  1 v  vstem  Jramati  rally  reduces  fluctuations  in  the 
i  .  L/'.-J  w  about.  100  kHz  and  makes  possible  the  more 

e.r  i .  a;  and  extensive  signal  averaging  required  for  studying 
mo.-;  ieuterium  fluoride  system.  Figure  3  illustrates  the 
cement  possible  with  the  stabilizer.  The  figr  ws  the 

anal  itop)  and  unstabilized  signal  (bottom)  ovt  a  period 


ms.  (Both  signals  have  the  same  full  scale  amplitude.) 


I  ■  i  1 


\  1  ■  V  V 


Put) ; 


, :  ■  b.  C  ;  i,,  ,  :  1C  .  1  \  i,  C,  O I  i  ’  that 

;  .  ... •  i  -»  leve iunmen t  ha;:;  beer.  onver  t :  tig  our  HF 
t  ...  ••  -Tat  e  ,ib  ,-i  LK  chemical  laser .  This  involves 

.  -  a  /  ir  .  ,e.i  . the  H  *  F  pumping  reaction  with 

i  .  .  ,  ine  .  iver  :  s  less  err  icier,'  :  :.,r  DF ,  and  our 
.  ,1  ;  a  ny  a  new ,  more  stable  laser  cavity  that  we 

.  :  ,  he  have  operated  the  Loser  on  both  the  v  =  2  to 

r.  v  -  J  to  v  --  2  transition  on  seven  different 

labi e  I  summarizes  the  preliminary  performance 
o  r  e  nr  1  -i s e r  . 
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